Whole-genome sequencing of cancers has begun to identify thousands of somatic mutations that distinguish the genomes of normal tissues from cancers. While many germline mutations within microRNAs (miRNAs) and their targets have been shown to alter miRNA function in cancers and have been associated with cancer risk, the impact of somatic mutations on miRNA function has received relatively little attention. Here, we have created the SomamiR database
INTRODUCTION
MicroRNAs (miRNAs) are small, non-coding RNAs that function as post-transcriptional regulators of mRNA expression. A single miRNA can target hundreds of mRNAs and a single mRNA can contain functional binding sites for several miRNAs, creating miRNA networks (1) that regulate the expression of a large portion of the human transcriptome (2) . These networks have been shown to control many critical cellular processes that are altered in cancers, including differentiation, proliferation and apoptosis, and therefore, dysregulation of miRNA networks has been shown to be a key feature of many human cancers (1, 3, 4) . Genetic variants within miRNAs or their target sites are one potential cause of the changes in miRNA function observed in cancers (5) (6) (7) (8) . For example, many patients with B-cell chronic lymphocytic leukemia have three large deletions that cause the loss of miR-15a and miR-16-1, preventing repression of the oncogene BCL2, and miR-34b and miR-34c, which are activated by TP53 (9,10). Additionally, rs61764370, a single-nucleotide polymorphism that has been associated with lung, ovarian, oral and breast cancer, disrupts a binding site for let-7 in the 3 0 -untranslated region (3 0 -UTR) of KRAS, resulting in increased KRAS expression (11) (12) (13) (14) .
While germline mutations can impact cancer risk and treatment outcomes, understanding tumorigenesis often requires the identification of the somatic mutations that differentiate cancer from normal cells. Advances in sequencing technologies have enabled the identification of increasing numbers of somatic mutation through whole exome and, more recently, whole-genome sequencing (15) . To date, most analysis of somatic mutations from these sequencing efforts has focused on the impact of somatic mutations in coding regions (16) , neglecting mutations in the 3 0 -UTRs that are believed to contain the majority of functional miRNA target sites. However, one recent study investigated a somatic mutation in the 3 0 -UTR of TNFAIP2 identified from sequencing the genome of a patient with acute myeloid leukemia and found that the mutation creates a new miRNA target site in TNFAIP2, a known target of the PML-RAR oncogene, reducing its expression (17) .
To systematically investigate the impact of somatic mutations on miRNA dysregulation in cancer, we have created the SomamiR database ( Figure 1 ). We collected somatic mutations identified by the sequencing of paired normal and cancer genomes that are located within miRNAs or their potential target sites. We then integrated these mutations with several other types of data, including the results of association studies, miRNA expression levels, gene functional annotations and germline mutations. Another key feature of SomamiR is a collection of mutations in miRNAs and miRNA target sites that have been experimentally shown to alter miRNA function and have also been linked with cancer through association studies or other methods.
DATABASE CONTENT

Somatic mutations within miRNA target sites
To determine somatic mutations that may alter miRNA target sites, we analyzed 15 sources of somatic mutations that have been identified from whole-genome sequencing of paired normal and cancer samples (Supplementary  Table S1 ) and selected those somatic mutations located within the 3 0 -UTRs of RefSeq genes in the hg19 genome. We then assessed if the mutation alters putative miRNA target sites, focusing on mutations that alter sequence complementarity to miRNA seed regions for miRNAs included in miRBase release 17 (18) (19) (20) (21) . Specifically, we determined if a somatic mutation disrupts a seed match found in the normal genome, creates a new seed match in the cancer genome or modifies a seed match by, for example, changing an 8mer seed match to a 7mer seed match through disruption of the complementarity between of the final base of the target and the miRNA seed. As an analysis of experimentally identified miRNA target sites found that while predicted target sites containing longer (i.e. 7-and 8-mer) seed matches provide higher specificities, many experimental target sites contain only 6mer seed matches (22) , we used three methods to predict how mutations may impact target sites. First, we created a comprehensive list of how somatic mutations may alter miRNAbinding sites by identifying 3 0 -UTR somatic mutations that create, disrupt or modify a 6mer or longer sequence complementary to a miRNA seed, using the 6 seed classes of miRNA seeds described by Ellwanger et al. (22) . We also used two popular miRNA target prediction algorithms, TargetScan (23) and PITA (24) , to determine mutations that are more likely to alter functional binding sites. TargetScan 6.0 (23), which uses a more restrictive seed match criteria, provides a context+ score that considers how the site type, 3 0 -pairing, local AU sequence and position of the target site contribute to miRNA binding, while PITA (24) calculates a target score by comparing the energy required to unpair the target site and make it accessible for binding with the energy gained through binding the miRNA with the target. Both the TargetScan context+ score and the PITA score predict the binding of a miRNA to an entire 3 0 -UTR by summing over contributions made by individual sites within the 3 0 -UTR that are complementary to the miRNA seed region. The database currently contains 1886 somatic mutations in 3 0 -UTRs that alter miRNA target sites predicted by TargetScan 6.0 and 2255 somatic mutations that alter a 6mer or longer match to a miRNA seed.
To aid users in identifying somatic mutations likely to play a role in cancer, we have annotated miRNAs, genes and target locations with several types of information.
(1) Association studies results: we collected high-scoring markers from genome-wide association studies (GWAS) of cancer from the NHGRI GWAS Catalog (25) as well as meta-analysis of cancer candidate gene association studies (CGAS) from the Cancer GAMAdb (26) . The database displays all markers associated with cancer from these sources for each gene that contains a somatic mutation altering a putative miRNA target site in its 3 0 -UTR. (2) Gene pathways: functional annotation of genes containing somatic mutations that alter miRNA target sites was performed using the KEGG pathway database (27) . Genes with somatic mutations in miRNA target sites are highlighted in each pathway. (3) Sequence conservation: the conservation of a target site sequence across species has been used to improve miRNA target prediction. We used the 46-way MultiZ alignment of vertebrate genomes to determine vertebrate genomes in which the sequence of a predicted target site was conserved. (4) Expression of miRNAs in cancer: the expression of miRNAs has been found to vary significantly across both normal and cancer tissues and therefore somatic mutations altering target sites of miRNAs that are highly expressed in a particular cancer type may be more likely to have a significant functional impact. We collected miRNA expression data from The Cancer Genome Atlas (TCGA) (http:// cancergenome.nih.gov/), which contains read counts from RNA-Seq experiments measuring the expression of miRNAs in hundreds of cancer tissue samples for several cancer types (28, 29) . For the type of cancer in which a somatic mutation was identified, we selected a similar cancer type in TCGA, if available, and calculated the average miRNA expression read count in samples of that cancer in the TCGA database. (5) Germline mutations: to identify germline mutations that could have a similar impact on miRNA targeting as the somatic mutations, we integrated somatic Figure 1 . Overview of SomamiR. Somatic mutations that alter predicted miRNA target sites are determined and these mutations are integrated with several additional cancer data sets. The database also contains somatic mutations in miRNAs and summaries of studies that have investigated functional roles for miRNA-related germline and somatic mutations in cancer.
mutations in the SomamiR database with data available in the PolymiRTS database (30, 31) , which contains germline mutations that alter predicted and experimental miRNA target sites. Specifically, we search PolymiRTS to collect germline mutations for each gene containing 3 0 -UTR somatic mutations that impact target sites of the same miRNAs whose target sites are impacted by somatic mutations. In some cases, the somatic and germline mutations are within a single predicted target site for a miRNA, but the somatic and germline mutations may alter distinct target sites within the same 3 0 -UTR.
Somatic mutations within miRNAs
To identify somatic mutations within miRNAs, we collected mutations from whole-exome sequences and other sources, including TCGA, that specifically reported somatic mutations within miRNAs, in addition to the whole-genome sequences used to identify somatic mutations in 3 0 -UTRs. We then determined if the somatic mutation was within the pre-miRNA sequence, the mature miRNA sequence or the seed region of the miRNA using miRBase 18. While mutations within pre-miRNAs have the potential to impact miRNA processing and the expression of miRNAs, mutations within mature miRNAs, and their seed regions in particular, may also rewire miRNA networks, redirecting a miRNA from its original targets to a new set of targets. In total, we identified 26 somatic mutations within miRNAs, including nine mutations within the miRNA seed region. For each miRNA containing a somatic mutation, we provide a link to the TarBase 6.0 (32), a database of experimentally identified miRNA-mRNA interactions, which displays experimentally supported targets of the miRNA.
Experimental evidence linking miRNA-related mutations with cancer
In recent years, over a hundred studies have investigated associations between cancer and germline mutations that may impact miRNA function (33) . While the majority of these studies contain only association study results, there is a relatively small, but growing, number of cases where the functional impact of cancer-associated mutations on miRNA function has been extensively experimentally investigated. For example, rs2910164, a mutation in miR-146a, was shown to not only be associated with several cancers (34-37) but also increase both the expression of the miRNA and binding to BRCA1 (34) and other target genes (37) . Also, rs1434536, a mutation in strong linkage disequilibrium with high-scoring markers from breast cancer association studies, was shown to be located in an experimentally validated target site of miR-125b in BMPR1B, and the mutation was shown to disrupt the targeting of BMPR1B by miR-125b, increasing BMPR1B expression (38) . We manually curated a collection of studies containing experimental evidence providing a functional role for miRNA-related mutations in cancer. In general, we used the following criteria to select mutations for this section of the database: (i) the mutation was found to be associated with cancer risk or identified in cancer samples and (ii) the mutation was experimentally shown to affect miRNA expression or a specific mRNAmiRNA interaction. We have collected 16 and 27 cases in which mutations in miRNAs and their target sites, respectively, were shown to increase cancer risk and were experimentally shown to impact expression.
DATABASE FEATURES AND ACCESS
Presentation of somatic mutations in miRNA target sites
The majority of the SomamiR database is organized to present a single page for each gene that provides all somatic mutations that alter miRNA target sites in the gene as well as annotations linking the gene and mutations with cancer ( Figure 2 ). These pages are divided into three main sections. The top section contains a description of the gene and a table showing how somatic mutations alter miRNA target sites. The middle section contains additional information that links the gene or mutation with cancer. This section includes, if applicable, germline mutations that impact target sites of the same miRNAs as the somatic mutations, association study results linking the gene with cancer risk, experimental results from investigations of the functional role of miRNA-related mutations in the gene and KEGG pathways that include the gene. The final section of the page is a Genome Browser window that includes custom tracks containing somatic and germline mutations and the putative miRNA-binding sites that these mutations alter. These tracks allow for quick visual identification of somatic and germline mutations that may impact the same miRNA target sites.
Browsing, searching and downloading SomamiR
Users can access the contents of SomamiR pages through several browsable tables that are linked from the database homepage. The browse options include separate tables showing somatic mutations in miRNA target sites, somatic mutations in miRNAs, experimental evidence linking mutations in miRNA target sites with cancer and experimental evidence linking mutations in miRNAs with cancer. Additionally, two separate tables can be used to browse database records in the context of gene pathways and association studies. One of these tables displays the number of genes in each KEGG pathway that contain somatic mutations in putative miRNA target sites. The KEGG pathways are separated into three sections: cancer pathways, signaling pathways and other pathways. Selecting any of the pathways provides a figure showing the pathway in which genes containing somatic mutations in miRNA target sites are highlighted. Second, a browsable table displays genes that contain 3 0 -UTR somatic mutations and also have been associated with cancer in a GWAS or CGAS. The records in this table can be filtered by the cancer type with which the gene was associated or by association study type (CGAS, GWAS or both).
SomamiR can be searched by chromosome location, miRNA, gene symbol and RefSeq ID through entering search terms directly on the website or uploading a file containing search terms. The search results can also be filtered to select only somatic mutations that were identified in particular cancer types. Tab-delimited text files containing all of the data in the database are also available for download.
SUMMARY AND FUTURE DIRECTIONS
The SomamiR database provides a resource for the investigation of mutations that may affect miRNA function and play a role in cancer. The database integrates multiple types of data to facilitate the assessment of the functional significance of miRNA-related somatic mutations. For example, somatic mutations that are within sites targeted by miRNAs with high expression in cancer and result in large changes in TargetScan context+scores and/ or PITA target scores are more likely to impact functional miRNA target sites. Additionally, cancer pathways and association study results can be used to identify mutation-harboring genes that are known to be involved in tumorigenesis. The analysis of cancer pathways in SomamiR could also potentially be used to identify particular branches of pathways that commonly contain miRNA-related somatic mutations. Integrating germline and somatic mutations may enable identification of functionally significant miRNAs and target sites that may contain germline mutations that are associated with cancer and somatic mutations that differentiate normal and cancer tissues in different populations or individuals. The Genome Browser tracks provided in SomamiR provide a user-friendly way to identify target sites that contain both germline and somatic mutations. Finally, the collection of the results of experiments that have investigated the functional impact of miRNA-related mutations provided in the database.
In the future, we expect the utility of the SomamiR database to increase significantly as new data sets that expand knowledge of somatic mutations and miRNA function become available. Several large-scale projects, including TCGA, the International Cancer Genome Consortium (ICGC) (39) and the Pediatric Cancer Genome Project (PCGP) (40) , are underway that will determine somatic mutations and miRNA expression levels in hundreds of cancer samples for dozens of cancer types. We have already included some of the initial publically available data from these projects, including somatic mutations and miRNA expression data. In addition to increasing the raw number of miRNA-related somatic mutations identified in cancer samples, these projects may provide somatic mutations that are found in genomes of multiple individuals with the same cancer type or multiple cancer types. These resources will also be greatly beneficial in future updates of the SomamiR database. While the majority of the current contents of the database were collected from supplementary information of individual papers, we will, in the future, focus on obtaining somatic mutations from the large data sets produced by these projects and from other collections of somatic mutations, such as COSMIC (41) . We plan on collecting new somatic mutation to add to the database from these sources on a semi-annual basis and have developed a set of Python scripts that identify mutations in miRNAs and 3 0 -UTRs and predict how they impact miRNA targeting.
In addition to these large-scale projects studying somatic mutations and miRNAs in cancers, general understanding of miRNA function is likely to increase in the near future, and this understanding can be used to improve the SomamiR database. Recently, new experiment techniques, such as HITS-CLIP (42) and PAR-CLIP (43) , have determined thousands of specific genomic sequences that are bound to miRNAs in mRNA-miRNA-Ago ternary complexes. The results of these and other lower-throughput experiments have greatly increased the number of experimentally identified miRNA target sites in the past few years, and this increase is likely to continue in the future (32) . We used the results of PAR-CLIP experiments, as well as databases, such as TarBase (32) , miRTarBase (44) and miRecords (45) , that collect experimentally determined miRNA-mRNA interactions to determine if any somatic mutations are located within experimentally determined miRNA target sites, but found only a very small number of somatic mutations in these sites. In the future, as the number of experimental miRNA target sites and somatic mutations increases, we will expand the SomamiR database to highlight these somatic mutations that alter experimentally supported target sites. The growing number of experimentally supported miRNA target sites is also likely to improve the understanding of the specifics of miRNA target selection and binding, potentially improving miRNA target prediction algorithms. Currently, the SomamiR database only examines how somatic mutations within 3 0 -UTRs alter sequences complementary to miRNA seeds. While we have adopted this approach because this class of mRNA-miRNA interactions has been the most highly studied and is believed to be a common factor to most mRNA-miRNA target pairs, it ignores that target sites may also interact with the 5 0 -end of miRNAs (46) and may be located with coding sequences (47) and the 5 0 -UTR of genes (48) . As the understanding of miRNA target sites improves, it may soon become possible to more reliably predict how mutations impact miRNA binding, greatly improving the usefulness of the SomamiR database.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online: Supplementary Table 1. 
